Blood flow restriction (BFR) training with low-load exercise is becoming a common adjuvant to standard physical therapy for a variety of musculoskeletal conditions. However, there is a paucity of literature regarding its efficacy in surgically and nonsurgically treated orthopaedic conditions. Encouraging results have been seen in several studies evaluating the effect of BFR training on patients with symptomatic knee osteoarthritis, patellofemoral pain, postoperative knee arthroscopy, and anterior cruciate ligament (ACL) reconstruction.^[@bibr17-1941738118821929],[@bibr33-1941738118821929],[@bibr42-1941738118821929],[@bibr48-1941738118821929],[@bibr50-1941738118821929]^

BFR training consists of low-load exercise performed while wearing an inflatable tourniquet on the proximal limb, which partially restricts arterial inflow and venous return from the extremity. In healthy patients, significant gains have been shown in muscle protein synthesis, gene regulation of muscle satellite cells, fiber recruitment, hypertrophy, and endurance.^[@bibr49-1941738118821929]^ Clinically, this has translated into an increase in overall strength, with physiologic and clinical effects similar to high-load training.^[@bibr19-1941738118821929],[@bibr23-1941738118821929],[@bibr36-1941738118821929],[@bibr44-1941738118821929],[@bibr45-1941738118821929]^ This would greatly benefit patients with orthopaedic conditions, as it provides the advantage of increased strength without placing additional mechanical stress on inflamed or reconstructed tissues or joints.

The purpose of this study was to define the clinical efficacy of BFR training on muscle groups both proximal and distal to tourniquet placement, as well as the contralateral non-BFR extremity. By defining the effect size in healthy patients, this can then be applied to future studies evaluating specific orthopaedic conditions. We hypothesize that patients in the BFR group will have significantly increased strength and hypertrophy both proximal and distal to cuff placement, as well as the contralateral extremity, compared with standard low-load training after 6 weeks.

Methods {#section9-1941738118821929}
=======

Healthy patients were randomized to unilateral low-load BFR training or to a non-BFR control group. The CONSORT (Consolidated Standards of Reporting Trials) Statement was followed. This study was approved and monitored by an institutional review board.

Eligible healthy patients were recruited by posted announcement at 3 participating therapy locations and voluntarily agreed to take part in the study. Those included were aged 20 to 40 years. All patients were recreational-level athletes who were cleared for participation in an exercise program. Patients were excluded if they had a history of hip or lower extremity pathology requiring medical or surgical intervention, a history of venous thromboembolism (VTE), clotting or other hematologic disorder, peripheral arterial disease, hypertension (blood pressure \>140/90 mm Hg), coronary artery disease, or were pregnant.

Patients were randomized via a random-number table to either the standard low-load training protocol or to a low-load BFR training protocol ([Figure 1](#fig1-1941738118821929){ref-type="fig"}). Baseline and final testing occurred the week preceding and the week after the intervention. Patients participated in 2 training sessions per week, at least 48 hours apart, for 6 weeks. At baseline and follow-up, lower extremity strength was assessed using isokinetic testing for knee extension and flexion and by dynamometer for hip abduction, hip extension, and plantarflexion. The number of single-leg heel raises was also recorded as a measure of plantarflexion strength and endurance. Isokinetic flexion and extension measurements were performed at 180, 270, and 300 deg/s using a Biodex System 3 (Biodex Medical Systems) machine. Total work was determined using the 300 deg/s setting for 30 seconds, while average peak torque and average power were analyzed at the 180 deg/s setting. Limb circumferences were also measured using a standard measuring tape, with the thigh measured 10 cm proximal to the superior pole of the patella and the leg measured 10 cm distal to the inferior pole of the patella.

![Patient flow diagram depicting patients eligible, enrolled, randomized, and analyzed. BFR, blood flow restriction. ^a^Sixteen patients excluded for previous injury or surgery in the lower extremities. ^b^One patient excluded for failure to complete final testing.](10.1177_1941738118821929-fig1){#fig1-1941738118821929}

The Delfi Personalized Tourniquet System (Delfi Medical) was used for training sessions in the BFR group.^[@bibr12-1941738118821929]^ The 4 inch--wide tourniquet was applied to the upper thigh of the limb chosen by the patient. Tourniquet setting was determined as the pressure needed to achieve 80% arterial occlusion to the extremity (as measured by the Delfi unit).^[@bibr15-1941738118821929]^ This system provides a consistent amount of pressure to the extremity throughout the range of motion of the exercise. Settings were determined at baseline and then recalibrated weekly.

All participants completed the following exercises at each training session: (1) straight-leg raise hip flexion, (2) side-lying hip abduction, (3) long-arc quadriceps extension, and (4) standing hamstring curl. Strength exercises were performed on both extremities using predetermined weight, calculated as 30% of 1-repitition (rep) maximum determined 1 week prior to the initiation of training.^[@bibr5-1941738118821929]^ Exercises were performed in series as follows: set 1, 30 reps followed by a 30-second rest; set 2, 15 reps and 30-second rest; set 3, 15 reps and 30-second rest; and set 4, 15 reps ([Table 1](#table1-1941738118821929){ref-type="table"}). In the BFR group, 1 limb performed the exercises with continuous BFR for the session duration and the other limb without BFR. The control group performed exercises on both extremities. During each exercise, participants recorded their rating of perceived exertion (RPE; scale, 1-10) to document the difficulty of each exercise. The goal was to achieve an RPE of 7 to 8 for each exercise, and weight was increased accordingly to accomplish this.

###### 

Training protocol including exercises performed and workout progression with baseline and final measurements obtained

![](10.1177_1941738118821929-table1)

  Exercises Performed^[*a*](#table-fn1-1941738118821929){ref-type="table-fn"}^   Baseline/Final Measurements
  ------------------------------------------------------------------------------ -------------------------------------
  Straight-leg raise hip flexion                                                 Knee extension (isokinetic)
  Side-lying hip abduction                                                       Knee flexion (isokinetic)
  Long-arc quadriceps extension                                                  Hip abduction (manual dynamometer)
  Standing hamstring curl                                                        Hip extension (manual dynamometer)
                                                                                 Plantarflexion (manual dynamometer)
                                                                                 Thigh circumference
                                                                                 Leg circumference
                                                                                 Number of single-leg heel raises

Each exercise performed in series: set 1= 30 repetitions (reps), followed by 30-second rest; set 2 = 15 reps, followed by 30-second rest; set 3 = 15 reps, followed by 30-second rest; set 4 = 15 reps.

Patients were allowed and encouraged to continue their prestudy aerobic routines without any significant change (increase or decrease) in intensity or regularity but were required to participate on a different day than study exercises. No concurrent strength exercises were permitted on the specific extremities tested. We encouraged participants to not make any significant lifestyle or nutrition changes.

A sample size of 18 total limbs (9 in each group) was determined based on an effect size of 0.30 and standard deviation of 0.20 based on previous studies.^[@bibr44-1941738118821929]^ Descriptive statistics and data analysis, including Student *t* tests for group comparisons, were calculated using Microsoft Excel.

Results {#section10-1941738118821929}
=======

A total of 43 eligible patients were identified; 16 were excluded for previous injury or surgery in the lower extremities and 27 met the inclusion criteria and were subsequently enrolled in the study. All patients completed the study protocol. One participant in the BFR group was excluded from analysis because the participant's final testing could not be completed within 1 week of training protocol completion. Sixteen participants in the experimental group were analyzed, and 10 participants in the control group provided 20 limbs for comparison. Mean patient age was 27 years (SD, 3.4 years; range, 23-34 years), with 10 (38%) males and 16 (62%) females; study participants were ethnically diverse. There were no differences between control and intervention groups based on age (*P* = 0.37) or sex (*P* = 0.14).

Percentage change and group comparisons between BFR and non-BFR limb, BFR and control group, and non-BFR limb and control group are found in [Tables 2](#table2-1941738118821929){ref-type="table"} through [4](#table4-1941738118821929){ref-type="table"}. Comparison of the BFR limb with the control group demonstrated a significantly greater increase in thigh and leg girth, all isokinetic knee extension metrics, total work for knee flexion (measure of endurance), hip abduction and extension (effect proximal to tourniquet), plantarflexion, and single-leg raises (effect distal to tourniquet). Comparing the BFR limb with the non-BFR limb in the same individual demonstrated a greater increase in thigh and leg girth, hip strength, plantarflexion strength, and endurance, with mixed results for isokinetic knee flexion and extension. When the non-BFR limb was compared with the control group, thigh girth and quadriceps peak torque were significantly greater, as were the number of single-leg heel raises.

###### 

Mean percentage increase and comparison between the blood flow restriction (BFR) limb and control group with standard deviations and corresponding *P* values

![](10.1177_1941738118821929-table2)

  Percentage Increase      Control (n = 20)   BFR limb (n = 16)   *P* ^[a](#table-fn2-1941738118821929){ref-type="table-fn"}^
  ------------------------ ------------------ ------------------- -------------------------------------------------------------
  Circumference                                                   
   Thigh                   0.8 ± 2.0          3.5 ± 2.1           **\<0.01**
   Leg                     0.4 ± 1.7          2.8 ± 2.6           **\<0.01**
  Strength                                                        
   Knee extension                                                 
    Total work             6 ± 13             15 ± 18             **0.04**
    Peak torque            3 ± 9              11 ± 13             **0.02**
    Power                  4 ± 10             12 ± 13             **0.02**
   Knee flexion                                                   
    Total work             14 ± 19            27 ± 26             **0.04**
    Peak torque            5 ± 14             11 ± 21             0.17
    Power                  7 ± 15             13 ± 20             0.14
   Hip abduction           27 ± 22            46 ± 30             **0.02**
   Hip extension           42 ± 30            60 ± 33             **0.04**
   Plantarflexion          18 ± 15            33 ± 28             **0.02**
  Single-leg heel raises   4 ± 18             28 ± 19             **\<0.01**

P values in bold are statistically significant.

###### 

Mean percentage increase and comparison between the blood flow restriction (BFR) limb and non-BFR limb in the same individual with standard deviations and corresponding *P* values

![](10.1177_1941738118821929-table3)

  Percentage Increase      BFR Limb (n = 16)   Non-BFR Limb (n = 16)   *P* ^[a](#table-fn3-1941738118821929){ref-type="table-fn"}^
  ------------------------ ------------------- ----------------------- -------------------------------------------------------------
  Circumference                                                        
   Thigh                   3.5 ± 2.1           2.3 ± 1.6               **0.02**
   Leg                     2.8 ± 2.6           1.2 ± 2.9               **0.01**
  Strength                                                             
   Knee extension                                                      
    Total work             15 ± 18             8 ± 11                  **0.04**
    Peak torque            11 ± 13             8 ± 9                   0.22
    Power                  12 ± 13             5 ± 13                  **0.04**
   Knee flexion                                                        
    Total work             27 ± 26             22 ± 15                 0.24
    Peak torque            11 ± 21             10 ± 17                 0.37
    Power                  13 ± 20             7 ± 20                  **0.01**
   Hip abduction           46 ± 30             37 ± 34                 **0.04**
   Hip extension           60 ± 33             49 ± 30                 **0.03**
   Plantarflexion          33 ± 28             26 ± 23                 **0.02**
  Single-leg heel raises   28 ± 19             16 ± 18                 **0.03**

P values in bold are statistically significant.

###### 

Mean percentage increase and comparison between the non--blood flow restriction (non-BFR) limb and the control group with standard deviations and corresponding *P* values

![](10.1177_1941738118821929-table4)

  Percentage Increase      Control (n = 20)   Non-BFR limb (n = 16)   *P* ^[a](#table-fn4-1941738118821929){ref-type="table-fn"}^
  ------------------------ ------------------ ----------------------- -------------------------------------------------------------
  Circumference                                                       
   Thigh                   0.8 ± 2.0          2.3 ± 1.6               **0.01**
   Leg                     0.4 ± 1.7          1.2 ± 2.9               0.14
  Strength                                                            
   Knee extension                                                     
    Total work             6 ± 13             8 ± 11                  0.34
    Peak torque            3 ± 9              8 ± 9                   **0.04**
    Power                  4 ± 10             5 ± 13                  0.37
   Knee flexion                                                       
    Total work             14 ± 19            22 ± 15                 0.06
    Peak torque            5 ± 14             10 ± 17                 0.21
    Power                  7 ± 15             7 ± 20                  0.49
   Hip abduction           27 ± 22            37 ± 34                 0.15
   Hip extension           42 ± 30            49 ± 30                 0.22
   Plantarflexion          18 ± 15            26 ± 23                 0.11
  Single-leg heel raises   4 ± 18             16 ± 18                 **0.02**

P values in bold are statistically significant.

Discomfort during the workout and soreness afterward, particularly at the initiation of training, was noted almost universally in the BFR group. However, it was well tolerated as training progressed, and no patients withdrew secondary to pain or discomfort. No patients reported adverse events in either group.

Discussion {#section11-1941738118821929}
==========

In healthy participants, low-load BFR training demonstrated greater increases in strength, hypertrophy, and endurance than low-load training alone. This finding held for muscle groups both proximal and distal to the tourniquet cuff. Patients undergoing therapy for various orthopaedic conditions may benefit from low-load BFR protocols with the advantage of less tissue stress.

Our study findings are consistent with previous studies in healthy participants undergoing BFR training. Significant gains have previously been shown in muscle fiber recruitment, hypertrophy, circumference, and endurance.^[@bibr49-1941738118821929]^ Clinically, this translated into improved isokinetic testing and overall strength.^[@bibr19-1941738118821929],[@bibr23-1941738118821929],[@bibr44-1941738118821929],[@bibr45-1941738118821929]^ The potential applications for BFR in musculoskeletal conditions are vast. Nonoperatively managed conditions, including osteoarthritis, tendinopathies, and muscle strains, may benefit from low-load BFR exercises. In the postoperative setting, BFR may augment rehabilitation for ACL reconstructions, hip and knee arthroscopies, and tendon repairs. This technology has been used even in the absence of exercise to limit muscular atrophy that commonly occurs after an injury or surgery.^[@bibr21-1941738118821929],[@bibr48-1941738118821929]^

In the literature, there is mixed evidence regarding the effects of BFR proximal to the cuff (eg, chest, trunk, gluteal muscles).^[@bibr3-1941738118821929],[@bibr11-1941738118821929],[@bibr38-1941738118821929],[@bibr52-1941738118821929],[@bibr53-1941738118821929]^ Proximal muscle group development would benefit postoperative hip arthroscopy patients and improve proximal control for those returning from ACL reconstruction.^[@bibr8-1941738118821929],[@bibr11-1941738118821929]^ Distal muscle group development would benefit Achilles repair or ankle rehabilitation patients. The non-BFR extremity also showed modest improvement in certain metrics compared with the control group extremities, though a larger cohort may be necessary to detect these smaller changes. This finding supports the evidence for a systemic or crossover effect of BFR, increasing strength in limbs remote to the cuff.^[@bibr27-1941738118821929],[@bibr29-1941738118821929]^ Patients may see a benefit in injured or postoperative extremities simply by working other limbs due to these systemic or crossover factors.

In 1966, Yoshiaki Sato^[@bibr39-1941738118821929]^ began developing the Kaatsu training method that has led to the current BFR training techniques. Since its first reported use in the literature in 1987,^[@bibr14-1941738118821929]^ the details of optimal occlusion pressure, cuff width, and exercise protocols have been further refined.^[@bibr23-1941738118821929],[@bibr41-1941738118821929],[@bibr43-1941738118821929]^

The mechanism by which BFR induces muscle hypertrophy and improves strength stems from the theory that metabolic stress may upregulate various cellular signaling pathways in the localized hypoxic environment that is produced.^[@bibr36-1941738118821929],[@bibr41-1941738118821929]^ The subsequent metabolic, adrenergic, and hormonal changes that occur result in an anabolic state, which leads to muscular adaptation. These effects have been demonstrated in high-load training regimens, and BFR appears to replicate this process at lower loads.^[@bibr36-1941738118821929]^ The occlusion provided by the cuff allows these anabolic factors to be concentrated, and blockage of venous return creates a favorable gradient for entry into muscle cells. Subsequently, an increase in intracellular swelling results, which may serve as a stimulus to promote protein synthesis and inhibit proteolysis.^[@bibr16-1941738118821929],[@bibr25-1941738118821929],[@bibr36-1941738118821929],[@bibr40-1941738118821929],[@bibr41-1941738118821929]^

The physiologic effects of restricted blood flow have been observed at multiple levels. Systemically, improvements in endurance have been noted in aerobic exercise, identified by an increase in stroke volume and VO~2~max with a decrease in heart rate.^[@bibr1-1941738118821929],[@bibr34-1941738118821929]^ At the cellular level, hypertrophy of both types 1 and 2 skeletal muscle and an increase in glycogen stores have been observed.^[@bibr7-1941738118821929],[@bibr33-1941738118821929]^ On the molecular level, a state of localized metabolic stress is induced. This causes an increase in growth hormone, cortisol, insulin-like growth factor 1, catecholamines, lactate dehydrogenase, and stress-related upregulation of signaling factors, including nitric oxide synthase, vascular endothelial growth factor mRNA, hypoxia-inducible factor 1-alpha, and various heat shock proteins.^[@bibr13-1941738118821929],[@bibr22-1941738118821929],[@bibr32-1941738118821929],[@bibr35-1941738118821929][@bibr36-1941738118821929]-[@bibr37-1941738118821929]^ Myogenic stem cells have been shown to proliferate during low-load BFR training.^[@bibr31-1941738118821929]^ Additionally, there is evidence that BFR may positively affect bone metabolism.^[@bibr6-1941738118821929]^

The safety of low-load BFR training has been reported in several studies.^[@bibr10-1941738118821929],[@bibr24-1941738118821929],[@bibr30-1941738118821929]^ There were no reported adverse events in our study. However, there are patients with whom caution should be exercised regarding BFR training, and all patients should be screened prior to participation. The most common reported complications are pain and discomfort, which generally improve with treatment and completely resolve with cessation of training.^[@bibr30-1941738118821929]^ Other reported complications from a 13,000-patient Japanese survey of more than 100 providers included the following: bruising (13%), localized numbness or cold feeling (1.3%), light-headedness (0.28%), deep vein thrombosis (0.06%), pulmonary embolism (0.008%), rhabdomyolysis (0.008%), and worsening ischemic heart disease (0.02%).^[@bibr30-1941738118821929]^ Patients should be appropriately counseled and closely monitored for adverse effects during therapy.

Conceptually, VTE is a major concern, particularly for patients with a history of VTE or those at increased risk for clotting (eg, clotting disorder, pregnancy, cancer).^[@bibr24-1941738118821929]^ Thus far, however, BFR training in healthy individuals has not been shown to increase markers of thrombin generation (prothrombin fragments, anti--thrombin III complexes) or of increased clot formation (D-dimer or fibrin degradation products).^[@bibr10-1941738118821929],[@bibr26-1941738118821929]^ Although multiple studies have shown that there is not a significant increase in creatinine kinase or other markers of cellular damage, rhabdomyolysis is a concern expressed through several case reports.^[@bibr2-1941738118821929],[@bibr9-1941738118821929],[@bibr16-1941738118821929],[@bibr18-1941738118821929],[@bibr20-1941738118821929],[@bibr32-1941738118821929],[@bibr47-1941738118821929]^ While the true incidence of rhabdomyolysis remains unknown, in controlled studies, it appears to be \<0.1%.^[@bibr51-1941738118821929]^ Concerns have also been raised over its use in patients with hypertension (blood pressure \>140/90 mm Hg), heart failure, peripheral arterial disease, and coronary artery disease due to an increased pressor reflex.^[@bibr46-1941738118821929]^ Elderly individuals may benefit simply by using BFR while walking or during light exercise.^[@bibr4-1941738118821929]^ Creating a localized rather than systemic metabolic stress to increase strength and endurance may be safer in certain populations.^[@bibr36-1941738118821929]^ While the safety of BFR use in healthy and even elderly individuals has been substantiated, further research is necessary to evaluate its safety in postoperative orthopaedic patients.

The current study has several limitations. First, this study was not blinded, which could introduce bias. By matching patients, more detailed analysis regarding specific variables may have been possible. We also acknowledge there were patient factors that were out of our control, including nutrition, natural hormonal cycles, and other lifestyle considerations. If patients were involved in a strengthening program on the lower extremities prior to the study, there may be less of an improvement compared with someone who was not. Asking a patient to forgo his or her current workout routine could actually have a diminishing effect. We admit that more sophisticated measures of hypertrophy, including volumetric computed tomography or magnetic resonance imaging, or even muscle biopsy would provide more detailed information; however, we believe our measurements were an adequate surrogate and overall simpler. There can be variability in hand-held dynamometer readings, and plantarflexion validity in particular is debatable.^[@bibr28-1941738118821929]^ Finally, it is unclear whether the gains seen after completion of BFR training are sustained or whether gradual incorporation of a standard high-load strength program should be instituted for maintenance.

Conclusion {#section12-1941738118821929}
==========

BFR training is increasing in popularity, and clinical results are continuing to be elucidated. This study supports the evidence that low-load BFR training produces substantially greater increases in strength, both proximal and distal to the cuff placement. The contralateral extremity may also benefit from a systemic or crossover effect. The clinical applications of BFR training in patients with musculoskeletal conditions are vast. These data can be used to further study the efficacy and safety of BFR in both operatively and nonoperatively treated orthopaedic conditions.
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